Abstract: Silicon carbide (SiC) has been widely concerned for its excellent overall mechanical and physical properties, such as low density, good thermal-shock behavior, high temperature oxidation resistance, and radiation resistance; as a result, the SiC-based materials have been or are being widely used in most advanced fields involving aerospace, aviation, military, and nuclear power. Joining of SiC-based materials (monolithic SiC and SiC f /SiC composites) can resolve the problems on poor processing performance and difficulty of fabrication of large-sized and complex-shaped components to a certain extent, which are originated from their high inherent brittleness and low impact toughness. Starting from the introduction to SiC-based materials, joining of ceramics, and joint strength characterization, the joining of SiC-based materials is reviewed by classifying the as-received interlayer materials, involving no interlayer, metallic, glass-ceramic, and organic interlayers. In particular, joining processes (involving joining techniques and parameter conditions), joint strength, interfacial microstructures, and/or reaction products are highlighted for understanding interfacial behavior and for supporting development of application-oriented joining techniques.
Introduction


Silicon carbide (SiC) is a highly covalent material, containing 88% covalent bond and 12% ionic bond, which makes it own excellent overall properties including high modulus, high stiffness, high melting point, and good wear and corrosion resistances. The SiC-based ceramics are usually fabricated by hotpressing (HP), hot-isostatic processing (HIP), spark are provided with much better service performances than the sintered SiC ceramics, such as good toughness and impact resistances. Therefore, both the SiC ceramics and SiC f /SiC composites can be used as candidates for high temperature structure-function integrated components in special environments, such as the hot-end components of aerospace engine, thermal protection structure of aerospace craft, and cladding tube of nuclear plant [2] .
As we know, joining of ceramics is an issue that we have to face in many practical applications of structural ceramics. Firstly, we need to select the base (ceramic and/or metal) and interlayer materials according to service environment, such as operating temperature and corrosion and radiation level. Secondly, we need to choose an appropriate joining technique based on the shapes of joining components, and bearing stress feature and level. Finally, we have to optimize the joining conditions. In these activities, both the joining technique and joint strength are the two key aspects. Presently, joining techniques of ceramics to themselves or metals mainly involved brazing (including active metal brazing [3] , and brazing after surface metallization [4] ), diffusion bonding [5] , transient liquid phase (TLP) bonding [6] , self-propagating high-temperature synthesis (SHS) welding [7] , friction welding [8] , glass sealing [9] , and reaction forming/bonding [10, 11] , etc. In general, there are respective advantages and disadvantages of each joining technique. For instance, the brazing technique is convenient, flexible, and highly efficient; however, the resulting joints can hardly maintain the strength at elevated temperatures due to the characteristic of relatively low melting point of common brazing alloys. Its demands of diffusion bonding for equipment and joining surface quality of components are very high, and especially joining of large-sized and complexshaped parts and continuous mass production cannot be carried out effectively although the high-performance joints can be obtained. It is widely believed that the TLP bonding technique has the advantages of both brazing and diffusion bonding to a certain extent, since it belongs to a liquid-based joining process and the high-strength and heat-resistant joints can be also fabricated by the TLP bonding technique. In fact, more or less additional pressure has to be applied on the joining components by the TLP technique, and especially the interfacial behavior is too complicated to control because a series of activities involving interfacial reactions, isothermal solidification, and homogenization of composition need to occur or be completed.
The ceramic/ceramic or ceramic/metal joints are mainly characterized mechanically by shear, bending/ flexural and tensile strength. Among all the mechanical features of joints, the shear strength acts as one of the leading properties to assess the reliability of joint. The shear strength can be mainly measured by single lap (SL), single lap offset (SLO), double lap offset (DLO), double-notch (DN), asymmetric 4-point bending (A4PB), torsion square (TS), torsion cylinder (TC), torsion tube (TT) and torsion hourglass (THG), and iosipescu shear (IS) tests [12] [13] [14] , as shown in Fig. 1 . The former four shear tests (SL, SLO, DLO, and DN) are only able to measure the apparent shear strength, while the latter six shear tests (A4PB, TS, TC, TT, THG, and IS) can measure the pure shear strength of ceramic joints. In fact, only the torsional configurations are capable of producing true shear loading and appropriate for testing lap-joined small specimens, and especially the apparent shear strength values determined by the SLO shear test often significantly deviate from the experimental results in a true shear loading state [12, 13] . Moreover, the THG test is involved in the torsion drilled hourglass (TDHG) and torsion ring hourglass (TRHG) ones, and a modification of SL test is usually adopted by applying a direct shear-load at the bonding position of cylinder or square joint [3, 4, 15, 16] . The bending strength test mainly involves 3-point bending (3PB) and 4-point bending (4PB) modes, and there are three different joint configurations for the 4-point bending [17, 18] , as shown in Fig. 2 . In addition, two kinds of non-standard bonding or shear strength tests were developed by Li's group [1924] , one is that a cylindrical sample of Ø = 10 mm was measured by 3-point bending with span of 30 mm, and the other is that the holder fixed the partial metallic part (or ceramic part only for ceramic/ceramic joint) of the welded sample and the load was applied at roughly the middle position of ceramic part (Fig. 3) . The joint strengths measured in these two ways are neither a real bending strength, nor a real shear strength, which were called as "joining strength" and "welded strength", respectively. To motivate the joining of SiC-based components, we review the joining of monolithic SiC and SiC f /SiC composites by classifying the as-received interlayer materials, involving no interlayer, metallic, glassceramic, and organic materials. The joining techniques and conditions, interfacial microstructures and/or reaction products, as well as joint strength at room and elevated temperatures and under irradiation are highlighted for understanding interfacial behavior and for supporting development of application-oriented joining techniques. What is more, diverse joining techniques and conditions of monolithic SiC and SiC f /SiC composites can be selected intuitively based on the following collected data according to service demands of joined components.
No interlayer
Most of the joining of SiC ceramics and SiC f /SiC composites to themselves [23, 24] , graphite [25] , and metals (such as W [26] [27] [28] , F82H steel [29] , and Al alloy [30] ) using no interlayer was performed by diffusion bonding or hot-pressing sinter bonding process, except that a casting process was adopted to join SiC ceramic to Al alloy, leaving a super-low joint tensile strength of ~0.4 MPa [31, 32] , as shown in Table 1 . The joining temperature varied greatly from 600 to 2000 ℃ with the joining objects while employing the diffusion bonding process, the joining pressure ranged from several to dozens of MPa, and the holding time spanned from 5 to 600 min. Due to more or less difference of coefficient of thermal expansion (CTE) between the SiC-based materials and metals, the resulting ceramic/metal joint strength can change greatly from direct failure for the SiC/F82H steel joint to shear strength of 100 MPa for the SiC/W joint [27, 29] . In particular, the diffusion bonding of CVD-SiC ceramic to itself was achieved successfully by spark plasma sintering, and the surface polishing pretreatment presented a huge impact on the joint strength, that is, the average joint 4PB strength increased sharply from 68 to 193 MPa before and after polishing [24] . Moreover, perfect bonding interfaces without visible defects can be observed during diffusion bonding of SiC ceramic plate, disk, and pipe to themselves by spark plasma sintering (Fig. 4) ; however, the three SiC components were not exactly identical in porosity after diffusion bonding due to two kinds of different preparation processes of SiC ceramics, and the SPS-processed disk-shaped specimens remained almost fully dense [23] .
Interfacial reaction and elemental diffusion are the two main bonding mechanisms for direct joining of SiC to metals. The Al 4 C 3 was usually formed at the SiC/Al interfaces, and decreasing the formation of Al 4 C 3 near the SiC can improve the interfacial bonding due to the presence of alloying elements, such as Sn, Mg, Si [31, 32] . Furthermore, only a W-free amorphous reaction layer (which was considered to be nonwww.springer.com/journal/40145 equilibrium silicon oxide including carbon) of 500-600 nm thick was detected at the SiC/W interface, and nano-sized precipitates containing O, Si, and W were formed and homogenously distributed in the reaction layer, which can contribute to the interfacial bonding (Fig. 5) [28] . However, in the cases of diffusion bonding, sinter bonding, and liquid phase sinter bonding of PLS-SiC to W, the resulting pores and carbon-rich phases in the reaction layer can deteriorate the joint shear strength although the liquid phase produced during the sintering seemed to facilitate the grain boundary diffusion [27] .
Metallic interlayer
1 Full metal interlayer
Brazing
The joining techniques of SiC-based materials using metallic materials as interlayer were mainly involved in brazing, diffusion bonding, TLP bonding, and hightemperature rapid combustion reaction welding, etc. The brazing of SiC-based materials can be divided into Ti-containing and Ti-free brazing according to the chemical compositions of brazing fillers.
For the Ti-containing brazing, the brazing fillers were mainly involved in pure Ti [24] , Al-Ti [33] , Cu-Ti [34, 35] , Si-Ti [36] [37] [38] , Ag-Cu-Ti [39] [40] [41] [42] , Ag-Cu-In-Ti [43] [44] , Cu-Ag-Ti [44] , Cu-Si-Al-Ti [45] , Sn-Ag-Ti [46] , Ni-Si-Ti [47] , and Co-Fe-Ni- (Si,B)-Cr-Ti [48, 49] alloys, as shown in Table 2 . The brazing temperature varied greatly from 700 ℃ for Ag-Cu-In-Ti to 1700 ℃ for pure Ti with the chemical compositions of brazing fillers, and the holding time ranged from 5 to 60 min. Except the brazing of CVD-SiC to itself by spark plasma sintering [24] and the laser-assisted brazing of SiC to C45E steel [46] , any additional pressure does not need to be applied. The SiC/SiC joint strengths at room temperature, regardless of shear and flexural strength, was altered from 50 to 342 MPa, and the maximum average SiC/SiC joint shear and flexural strengths at room temperature were 296 for Al-25Ti and 342 for Ag-35.25Cu-1.75Ti, respectively. Generally, the SiC/SiC joints using the active brazing fillers can present higher joint strength than that using the non-or low reactive brazing filler (such as the Si-16at%Ti). Moreover, the SiC/SiC joints using the two Ag-base brazing fillers (Ag-Cu-Ti and Ag-Cu-In-Ti) only can service at ~500 ℃, and the joint strength can decrease obviously with the testing temperature increasing [41, 44] . But, it should be noted that the SiC/SiC joint using the Co-based brazing filler can service over 900 ℃, with 3PB strength of over 180 MPa at 800-900 ℃ [48] . The joint strength of SiC/metal joints ranged from 24.5 to 290 MPa, which was closely related to the CTE of metal components and the chemical composition of brazing fillers.
The TiC and Ti-Si compounds (Ti 5 Si 3 and TiSi 2 ) can usually form at the interlayer/SiC interfaces while employing active Ti-containing brazing fillers. For instance, a continuous TiC layer with grain size of ~10 nm and some discontinuous submicron-scale Ti 5 Si 3 grains formed at the Ag-Cu-Ti/SiC interface ( Fig. 6(a) ) [41] , and a couple of nano-sized reaction layers (which were identified as TiC and Ti 5 Si 3 ) can be formed at the Ag-Cu-In-Ti/SiC interface, following an In-containing interfacial layer ( Fig. 6(b) ) [43] . In fact, the Ti 3 SiC 2 or Ti 3 Si(Al)C 2 MAX phase can also form while using brazing fillers with high concentration of Ti [33] [34] [35] . However, the non-reactive phenomenon can be generated while employing the Si-16Ti eutectic alloy and brazing at the eutectic temperature of 1330 ℃ [36] . Moreover, the Cr-C compounds (such as Cr 23 C 6 , Cr 3 Si, Cr 5 Si 3 , and CrSi 2 ) and Fe-and Si-containing compounds (Fe 3 Si, Fe 2 Si, and FeSiC) can be produced due to the presence of Cr and Fe elements derived from the brazing filler (CoFeNi(Si,B)CrTi) or the metal components [42, 48] . poor high temperature resistance and relatively low joint shear strength, respectively. So, to eliminate the formation of low-melting-point and highly brittle intermetallic compound phases by means of thermodynamic calculation can contribute to obtain high strength and high temperature resistant SiC-based ceramic joints, which has both great research value and application prospect. For the Ti-free brazing, the brazing fillers were mainly involved in low-melting-point Al- [50, 51] and Zn-based [52] alloys, and Si- [37, [53] [54] [55] , Co- [56] , Ni- [57, 58] , and PdNi-based [59] high-temperature alloys, as well as CrSi 2 intermetallic [54] , as shown in Table 3 . A novel ultrasonic-assisted brazing was performed to join SiC to itself in air while employing the two low-melting-point brazing alloys, resulting in the formation of a thin amorphous SiO 2 layer on the SiC ceramic, which can contribute to strong interfacial bonding [50, 52] . Moreover, the brazing technique using high-Si alloys (such as Si-17Pr, Si-44Cr, and Si-18Cr) or Si-containing intermetallic (CrSi 2 ) as filler metals can be assigned to the low activation brazing due to the low or non-reactivity between the SiC and these interlayers, in which the direct chemical bonds can be responsible for the interfacial adhesion. However, serious interfacial reactions occurred while employing the Co-, Ni-and PdNi-based high-temperature alloys, leaving a series of brittle reaction products involving (Co, Pd, Ni, Cr)-Si, (Cr, Nb, V)-C, graphite, and Cr(V) 5 Si 3 C, which can bring about relatively low joint bending strength of less than 100 MPa [56] [57] [58] [59] .
In addition, the SiC f /SiC joint present higher shear strength than the SiC joint when using Si-16Ti alloy as brazing alloy under same joining conditions [36, 37] , while the SiC joint had much higher shear strength than the SiC f /SiC joint when using Si-18Cr alloy as brazing alloy under same joining conditions, with the maximum shear strength of 150 MPa [37] . In this case, the high-strength and high temperature and irradiation resistant joint can be obtained.
Diffusion bonding
The interlayers used for diffusion bonding of SiCbased materials were mainly involved in high-meltingpoint pure metals (involving Ti [12, 60, 61] and Mo [62] ), metal laminates (such as Ti/Re/Ti [62] , Cu/Ti [63] , Cu/Ti/M [64] , W/Cu [29] , W/Ni/Cu/Ni [29] , and Zr/Nb [65] ) and high-temperature alloys (such as Ti- [5, 66, 67] , Ni- [68] [69] [70] , W- [71] , and Ta-based [72] ones), as shown in Table 4 . The applied pressure, joining temperature, and holding time are crucial for diffusion bonding of ceramics, which can affect or determine the formation of reaction products, interfacial microstructure, and joint strength. For instance, the maximum average SiC/SiC joint shear strength using Ti as interlayer climbed obviously from ~6 to 69.6 and 124 MPa with the applied pressure increasing from 0.1 to 7.5 and 20 MPa, respectively [12, 60, 61] . The Ti 3 SiC 2 , Ti 5 Si 3 C x , and/or Ti 2 AlC ternary phases can form when the joining temperature was higher than 70% T m (melting point) of Ti while using Ti or Ti-containing alloys as interlayer [12, 61, 63, 66, 67] ; however, only the binary compounds (Ti 5 Si 3 and TiC) formed while joining at 950-1000 ℃ [60] . At the interlayer (Mo, W, Zr, Ta)/SiC interfaces, the corresponding silicides and carbides can usually form, which was in good accordance with the previous reports and thermodynamic predictions [73] . In particular, the ternary and quaternary brittle compounds (Ni 5 Cr 3 Si 2 and Cr 3 Ni 2 SiC) can form except Ni-Si and Cr-Si compounds and graphite while using Ni-Cr(-Fe) alloys as interlayer [68] [69] [70] , which can deteriorate more or less the joint strength. Indeed, the diffusion bonding of SiC-based materials using metallic materials as interlayer can fabricate the high-strength and high temperature and radiation resistant joints, regardless of some technological defects, such as high demands for ceramic surface quality and applied pressure.
Moreover, the microstructural evolution of SiC/Ta-5W interface can be indicated markedly, that is, the thickness of reaction layer increased with the increase of bonding temperature and holding time, and the transverse micro-cracks in the reaction layer seemed to be easier to develop at higher bonding temperature due to the CTE mismatch between phases in the joints (Fig.  7 ) [72] . For instance, the thickness of reaction layer climbed from 5.13 to 12.71 μm with the holding time increasing from 5 to 30 min at 1500 ℃, and it was raised from 12.72 to 22.85 μm with the temperature increasing from 1500 to 1700 ℃ for 30 min.
In addition, by comparison with the brazing and diffusion bonding of CVD-SiC to itself using Ti as interlayer [12, 24] , only a titanium-carbon rich phase formed in the joined region with a limited Ti/Si interdiffusion while brazing at 1700 ℃ under 60 MPa for 5 min; however, the original Ti filler was completely conversed into a compound layer involving Ti 3 SiC 2 and Ti5Si 3 and transverse cracks formed in the bonding layer while diffusion bonding at 1170 ℃ under 20 MPa for 180 min. As a result, the similar joint strength of ~125 MPa, regardless of 4PB and THG shear strength, can be obtained, which can demonstrate the equivalence among the joining parameters (temperature, holding time, and applied pressure) to a certain extent.
Other joining techniques
The TLP bonding, composite joining (brazing+TLP bonding), hot pressing reaction welding, SHS welding or high-temperature rapid combustion reaction welding, and joining method of "higher-temperature wrappingof-lower-temperature-metals" were developed for joining of SiC-based materials to themselves or metals using www.springer.com/journal/40145 [72] metallic interlayers involving Pb [74] , Ni-Si/Mo [75] , Ti/Ag/Ti [76] , Ni-Ti-Al [7, 77] and Ti [78] , and Mo/Si [79] , respectively. However, these joining techniques usually required more or less applied pressure except the "Mo-wrap Si" method [79] . For instance, Liu et al. [75] investigated the composite joining of HIP-SiC to Kovar using Ni-Si/Mo (i.e., Ni-56Si powder coated Mo foil) as interlayer at 1350 ℃ for 10 min under a very low applied pressure of ~1 kPa, and obtained two totally different (non-reactive and reactive) interfacial microstructures at the interlayer/SiC and interlayer/ Kovar interfaces ( Fig. 8) and found that the joint fractured in the SiC near the interface. So, it is quite necessary for joining of SiC-based materials to apply these "new" joining techniques, which indeed possess obvious respective technological advantages. For instance, the TLP bonding can combine advantages of active metal brazing and diffusion bonding, and fabricate high-strength and heat-resistant joints for joining of oxide and non-oxide ceramics.
2 Metal-ceramic hybrid interlayer
To reduce the thermal stress in joint, some low CTE ceramic particles or fibers, such as B 4 C, TiC, SiC, and SiO 2 , were directly added into Ag-Cu-Ti or Ni-Cr alloys to form composite fillers for brazing of SiC ceramics [80] [81] [82] [83] [84] [85] , as shown in Table 5 . Meanwhile, these low CTE ceramic particles (including SiC, B 4 C, TiC, and C, etc.) combined with metals (such as Al, Ti, Si, and their combinations) acted as interlayers to join SiC ceramics by hot-pressing sinter joining [86] , hot-pressing reaction joining [87] , Al infiltration [88] , and SHS welding [21, 78, 89] processes. These SiC/SiC joints possessed the relatively high joint strength of 140-530 MPa except the CVD-SiC/CVD-SiC joint fabricated by the microwave assisted combustion synthesis process. As expected, the relatively low joint strength of 10-84 MPa can be obtained between SiC ceramics to metals or graphite ( Table 5 ). Noted that the microwave assisted combustion synthesis process was deemed to a kind of rapid, almost pressureless, and localized heating joining method in spite of the low joint strength, and the resulting joints can be hightemperature and irradiation resistant [89] .
Glass-ceramic interlayer
Presently, the joining of SiC-based materials using inorganic non-metallic materials as interlayer can only aim at homogeneous materials joining, rather than at dissimilar materials joining. These inorganic non-metallic (glass-ceramic) materials can be divided into three categories: glass ceramic, glass+ceramic, and ceramic. Recently, the glass ceramics were mainly involved in CaO-Al 2 O 3 (CA) [12, [90] [91] [92] [93] [102] [103] [104] systems, among which the CA and YAS were the most frequently used glass ceramic systems. Here, this joining method using glass ceramics as interlayer can be called as glass-ceramic joining, which can be performed by pressureless or lowpressure process, as shown in Table 6 . In particular, a laser-assisted joining process for brazing of SiC capsule specimens using YAS filler can be well performed (Fig. 9 ). By comparison with the CVD-SiC joint strengths using CA as interlayer, the SLO shear strength was only ~40 MPa, while the average THG shear strength arrived at ~100 MPa [12, [91] [92] [93] . Moreover, the 4PB strengths of SiC and SiC f /SiC joint fluctuated in the range of 94.5-236 MP while using YAS as interlayer except a minimum shear strength [18, [94] [95] [96] [97] [98] [99] .
Up to now, the glass+ceramic fillers for joining of SiC-based materials only included SiC+YAS and SiC+Y 2 O 3 -Al 2 O 3 (YA) systems (Table 7) , in which the SiC was the joining agent and the YAS and YA seemed to act as liquid phase for sintering of SiC ceramic. So, this corresponding joining process was called as transient eutectic-phase (TEP) joining, and this TEP joining can be divided into TEPs and TEPt joining while using mixed powder slurry and green tape, respectively [12] . As expected, this TEP joining process was usually conditioned by high temperature and high applied pressure due to the presence of highvolume fraction SiC particles, resulting in relatively high joint strength of ~120-359 MPa. The ceramic fillers for joining of SiC-based materials were mainly involved in Ti 3 SiC 2 , Ti 3 SiC 2 +SiC, Ti 3 SiC 2 + TiC, SiC+C, TiB 2 +C, Y 2 O 3 partially stabilized ZrO 2 (YSZ), and YSZ+Al 2 O 3 , as well as carbonaceous mixture containing Si and SiO 2 , as shown in Table 8 . While employing the Ti 3 SiC 2 , SiC, TiB 2 , and YSZ as interlayers, the pressurized (hot-pressing sinter/reaction) joining process must be adopted with high applied pressure of 20-50 MPa. However, a pressureless joining process was developed while employing the carbonaceous mixtures as interlayers plus subsequent Si infiltration, which was called as reaction forming/ bonding. The joint strengths ranging from tens to hundreds of MPa were obtained due to the great differences of (Table 8) , but all these joints can be high-temperature resistant. For instance, the joint room-temperature strength varied from 39.5 to 220.3 MPa with the type of SiC ceramic and testing method of shear strength while using Ti 3 SiC 2 as interlayer [20, 22, [109] [110] [111] . In particular, the resulting CVD-SiC joints by SPS joining using Ti 3 SiC 2 foil as interlayer possessed average 4PB strength of ~220 MPa at room temperature; however, the initial bending strength did not deteriorate when tested at 1000 ℃ in vacuum, and then linearly decreased to ~20 MPa with the temperature further increasing to 1400 ℃ [111] , as shown in Fig. 10 .
In short, this kind of joining process using glassceramic materials as interlayer belongs to low-activation joining method for SiC-based materials according to the low interfacial interactions between the interlayers and SiC ceramics or SiC f /SiC composites, and the resulting joints can be high temperature and irradiation resistant. For instance, Katoh et al. [12] reported the pre-irradiated and post-irradiated joint shear strengths and microstructures of CVD-, NLS-, and NITE-SiC joints joined by the TEPs, TEPt, CA, and Ti 3 SiC 2 joining processes, and found that some joint materials exhibited significant irradiation-induced microstructural evolution under the more aggressive irradiation conditions (800 ℃, 5 dpa) and that the effect of irradiation on joint strength appeared rather limited (Fig. 11) . In particular, both the glass-ceramic joining and reaction forming are greatly promising because of the pressureless process and the obtained relatively high joint strength.
Organic interlayer
Joining of SiC-based materials to themselves can be also achieved using preceramic polymers as as-received interlayer by dissolving, coating, crosslinking, and pyrolysis and/or sintering procedures and even further reinfiltration, which process has been rapidly developed in recent two decades since the first fabrication of inorganic ceramic by the organic precursor conversion method [120] . Recently, the preceramic polymers used for joining of SiC-based materials were mainly involved in methyl-hydroxyl-siloxane [121] , polysiloxane [19, 122, 123] , polymethylsiloxane [113, 124, 125] , polysilazane [126, 127] , polymethylsilane [128] [129] [130] and allylhydridopolycarbosilane [131, 132] , as shown in Table 9 . Generally, the resulting SiC/SiC joint bending strength values were less than 200 MPa in spite of the formation of interlayer with identical or similar CTE to the SiC-based materials, which were much lower than those obtained by reaction forming/ bonding [115] [116] [117] [118] . To accelerate the pyrolysis of polymer, and to reduce holes and cracks in the joining interlayer, as well as to initiate chemical reactions between the pyrolysis product and the base material, some metallic and inorganic nanoparticles (such as Ni, Al-12Si, B, SiC, B 4 C, low melting point glass and their combinations) as active additives were added in these preceramic polymers for joining of SiC ceramics and SiC f /SiC composites, resulting in enhancement of joint strength and decrease of joining temperature (Table 9) . Moreover, the reinfiltration treatment after joining can remarkably increase the bonding strength of joints. For instance, the 3PB strength of SiC/SiC joint using polysilazane as interlayer was increased from 107.3 to 169.1 MPa after reinfiltration for three cycles, and it was further enhance to ~177 and 256.1 MPa after adding SiC and Ni nanopowders, respectively [126, 127] .
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Summary
The ceramic joints was mainly characterized mechanically by SLO, 3PB, and 4PB tests at room temperature, so the joint strength characterization should be strengthened by pure shear (such as A4PB, TC, TT, and THG) and mixed stress tests according to practical service stress states at room and elevated temperatures and/or under irradiation. The joint strengths of SiC-based materials to themselves or metals are closely related to the materials used (involving ceramic and metal components and interlayer materials), interfacial behavior (determined by the materials used and joining process), testing conditions, and loading method, etc. So, to select the two joining objects with the same or similar thermal physical properties and make appropriate interfacial interactions (such as chemical reaction, elemental diffusion, and adsorption) are the precondition to obtain sound joints.
Joining of SiC-based materials to metals can be performed by using no interlayer and metallic materials as interlayer. However, presently employing glassceramic and organic interlayers can only be for homogeneous materials joining of SiC-based materials. Diffusion bonding of monolithic SiC and SiC f /SiC composites, with high additional pressure, can fabricate high-performance joints, and the TLP bonding, SHS welding, reaction forming/bonding and hot-pressing sinter/reaction joining are the powerful complementary joining techniques for the SiC-based components. The brazing is still the most promising joining technique for fabrication of SiC-based materials/metal complex components.
To develop highly reliable, simple and pressureless (fit to join the large-sized and complex-shaped components) joining process is very urgent for the SiC-based components. Laser-assisted joining process, involving metal brazing and glass-ceramic joining, is greatly promising due to its flexibility and high efficiency. Maybe, a novel joining method for SiCbased materials by in situ formation of MAX phases is worth being further studied based on the recent investigation [31] , since the high-performance SiC joints having high strength and good high temperature and irradiation resistances, with promising applications, can be obtained by the simple, pressureless and liquidbased joining process.
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